Relaxation Dynamics of the First Excited Electronic Single State of Azulene in Solution by Penzkofer, Alfons
RELAXATION DYNAMICS OF THE FIRST EXCITED ELECTRONIC SINGLET STATE 
OF AZULENE IN SOLUTION 
Jonathan P. HERITAGE * and A. PENZKOFER 
Physik Department der Technischen Universif&t Mttnchen, Munich, Germany 
Received 22 July 1976 
An upper limit to the relaxation time of the first excited electronic singlet state (Si) of azulene in cyclohexane has 
been determined for two excitation frequencies. The lifetimes of Si excited by single picosecond duration optical pulses 
of frequency 18910 cm'1 and 16000 cm"1 are < 1 ps and < 2 ps respectively. 
1. Introduction 
The use of picosecond duration optical pulses for 
the study of the dynamics of ultrafast relaxation pro-
cesses in excited electronic states of large molecules in 
the condensed phase is a topic of current interest. The 
much discussed aromatic hydrocarbon, azulene, is 
particularly attractive for experimental study of rapid 
relaxation from the first excited electronic singlet 
state (Sj) for several reasons. 
First, fluorescence from Sj is extremely weak 
(quantum efficiency rjp^Sj) « 10~6 [1 ]). This weak 
quantum efficiency together with the calculated radia-
tive decay rate * F(Sj) * 1.3 X 106 s""1 [2] leads to an 
extremely short fluorescence lifetime Tp^Sj) = fcp1^ 
0.8 X 10~ 1 2 s. Very rapid nonradiative relaxation 
processes must transfer the energy from Sj to triplet 
states (intersystem Crossing) or to the ground state 
(So) (internal conversion). Second, azulene has a 
modest fluorescence quantum yield from the second 
excited singlet (S2) to S 0 (r?F(S 2-S 0) * 0.031 [3]). 
This anomalous behavior probably results from the 
large energy gap between S 2 and Sy (14000 cm"1). 
The non-radiative decay rate &d from S 2 is slower 
than normally expected for dye molecules [4] (fcd(S2) 
= M S 2 ) lV ( S 2 ) - l ] * 7 X 1 0 « S " 1 [3]). 
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2. Experimental 
The fluorescence from S 2 permits simple picosec-
ond probe techniques to directly study the lifetime of 
the molecules in S 2 . An intense light pulse excites the 
molecules into a definite Franck-Condon state of 
A delayed probe pulse transfers excited molecules into 
a higher singlet state (Sn). The time-dependent excited 
state absorption of the probe pulse is monitored by 
observing the S 2 -* SQ fluorescence. 
Previous measurements with picosecond pulses 
using this technique report lifetimes in Sj about five 
to ten times larger than the calculated fluorescence 
lifetime [5,6]. We report in this paper measurements 
that agree with the fluorescence calculations and the 
results of two very recent experimental efforts**. 
Three distinct experiments using different excitation 
frequency combinations are reported in this paper. 
(A) In the first experiment the energy (population) 
lifetime of Sj is determined with identical excitation 
and probe frequency v& = 18 910 c m - 1 and approxi-
mately equal pump and probe pulse intensity. The 
experimental configuration we use here is the well-known 
triangular arrangement employed for two-photon 
fluorescence measurement of pulse widths. The collid-
ing short pulses produce a bright spot of fluorescence 
** We learned of independently obtained results on Si relaxa-
tion in azulene by two groups [7,8] after completion of 
our work. 
upon a weaker fluorescence trace, where two-step ab-
sorption (one photon from each pulse) is possible. The 
lifetime of is then calculated from width of the 
fluorescence profile, together with the known optical 
pulse widths. 
(B) In the second experiment, two different ex-
citation and probe frequencies were used: yg = 18 910 
cm"1 and vt = 16000 cm" 1. The experimental con-
figuration employed was an adjustable optical delay 
line which permitted the variation in temporal separa-
tion between the excitation and probe pulse as they 
propagated nearly collinearly through the azulene cell. 
The fluorescence produced by each pulse pair was 
monitored with a high gain photomultiplier. 
(C) An attempt was made in the third experiment 
to measure the vibrational relaxation within Sj by 
using a delay line arrangement and the excitation fre-
quency vg = 18 910 c m - 1 and the probe frequency 
^IR = 9455 c m - 1 . This measurement was not success-
ful due to a very small excited state absorption cross 
section at these frequencies. 
In all of our experiments, we used a mode locked 
Nd-glass laser [9]. Single picosecond pulses were 
selected from the mode locked pulse train with an 
electro-optic shutter. The single light pulses were am-
plified in a Nd-glass amplifier to an energy of i?L ^ 3 
mJ. The pulses had a duration A / L ^  5 ps (fwhm) and a 
spectral width of A? L as 3 cm"1 (fwhm). 
3. Results 
A. Lifetime measurement with identical excitation 
and probe frequency 
In this measurement two light pulses at equal 
frequency vg = 18 910 cm""1 collide in an azulene sam-
ple and the fluorescence trace is measured. Each beam 
generates fluorescence light by two-step absorption. In 
the overlap region and in the spatial domain where 
the excitation has not decayed out of the Sj state the 
crossing beams are more strongly absorbed and a 
bright fluorescence spot is observed. We employed the 
conventional triangular configuration shown in fig. 1 
[10]. A saturable absorber (DC) (linear transmission 
Tq = 0.1) was used to remove possible background and 
reduce the infrared pulse width by about 20% [11]. 
The second harmonic pulse at 18910 cm"1 was gener-
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Fig. 1. Experimental arrangement for measurement of two-step 
fluorescence profiles in azulene and two-photon fluorescence 
profiles in 9,10-DPA. DC saturable absorber cell, KDP sec-
ond harmonic generation, HM 50% mirror, F filters, L lens, 
M mirrors, S sample cell, C camera, OMA optical multi-chan-
nel analyzer. 
ated in the KDP crystal. An optical multichannel 
analyser (OMA) was used in place of the conventional 
photographic film to record the traces. The resolution 
of our detector system is limited to 0.3 ps. The signal 
to background contrast ratio was found to be in the 
range between 2.8 and 3 in good agreement with the 
theoretical value of 3. The decay time of excited state 
absorption, r g , was determined by measuring the 
fluorescence profile width obtained in azulene by two-
step absorption and by comparing with the fluores-
cence profile width obtained in 9,10-diphenylanthracene 
by two-photon absorption. In 9,10-DPA there are no 
real electronic states near the green excitation frequency. 
Since the laser frequency vg = 18 910 cm"1 reaches 
far into higher excited singlet states, even if the mole-
cules have relaxed down to the lowest vibrational states 
in Sj {v « 14 000 cm"1), the diminishing of the ex-
cited state absorption indicates that the excited mole-
cules have decayed out of the Sj-state, either to the 
ground state (internal conversion) or to triplet states 
(intersystem crossing). (Negligible excited state ab-
sorption from the ground state of Sj seems unlikely; 
see discussion below.) The decay time of excited state 
absorption r g therefore determines the lifetime of the 
molecules in the Sj -state which were excited to a vi-
bronic state in Sj, 18 910 cm"1 above the ground 
state. 
This experiment consisted of collecting over 60 
fluorescence traces each, in 9,10-DPA and azulene. 
We used concentrations of 10"3 M/8 in cyclohexane 
for both substances. Fig. 2 shows histograms of the 
measured fluorescence profile widths in 9,10-DPA 
and azulene. The important points to notice here are 
(1) the similarity between the distribution of the pulse 
widths for both substances; (2) the fact that the short-
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Fig. 2. Histograms of measured fluorescence profile widths 
produced in 9,10-DPA and azulene. 
est fluorescence profiles were, in both cases, 1.7 ps 
in duration. 
We find that the average widths of the fluorescence 
traces in azulene and 9,10-DPA were 2.6 and 2.7 ps, 
respectively. In the case of azulene the width of the 
trace represents the convolution of pulse duration fp 
and decay time r g , while in the case 9,10-DPA the 
pulse duration tp is directly measured. No broadening 
of the fluorescence traces in azulene is observed. This 
fact implies that r g is remarkably shorter than the aver-
age pulse duration r p . The shortest convolution times 
observed were 1.7 ps. Assuming in these cases a real pulse 
width of fp > 1 ps we find a decay time r g < 1 ps [6]. 
B. Lifetime measurement with delayed probe pulse 
The decay of excited state absorption after pre-
paration of the system with nearly equally intense 
light pulses at vx = 16000 c m - 1 and *>g =18 910 cm*-1 
was measured observing S 2 - S Q fluorescence with a 
photomultiplier. With a variable optical delay the 
arrival of the green light was scanned over a time 
range of ca. 15 ps. As long as the green pulse arrived 
at the sample earlier than the red pulse, the green 
pulse acted mainly as the exciting pulse while the red 
pulses monitored the excited state population by ex-
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Fig. 3. Energy level diagram for electronic states of azulene 
together with absorption and fluorescence spectrum, e is the 
decadic molar extinction coefficient. The arrows and the 
levels (1) and (2) indicate the excitation scheme: (a) two-step 
absorption of red pulse at vT = 16000 cm""1; (b) excitation 
with red pulse and probing of excited state absorption with 
green pulse at pg = 18 910 cm"1; (c) excitation with green 
and probing with red pulse; (d) two-step absorption of green 
pulse. 
cited state absorption (route c in fig. 3). In cases where 
the green pulse arrived later than the red pulse, the 
function of the two pulses exchanged (route b). Both 
pulses themselves contribute to the excited state ab-
sorption and subsequent S 2 - S 0 fluorescence by two-
step absorption (routes a and d). The occurring four 
excitation processes are depicted in fig. 3 together 
with the absorption and fluorescence spectrum of 
azulene dissolved in cyclohexane. 
The excitation routes (a) and (d) generate a back-
ground fluorescence signal and do not contribute to 
decay time measurements. The excitation process (c) 
determines the decay time r g of excited state absorp-
tion of the red light pulse and therefore monitors the 
lifetimes of molecules in the Sj-state with the initial 
state at position (2) (see below). Approximately the 
same time as in the previous section (A) is measured. 
The transition route (b) measures the decay time r r 
of excited state absorption of the green light pulses 
and thereby determines the lifetime of molecules in 
the Sj-state prepared to position (1). 
The experimental arrangement employed is de-
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Fig. 4. Experimental arrangement for lifetime measurement 
with delayed probe pulse. KDP second harmonic generation, 
IM intensity measurement, BS beam splitters, F filters, 
PDi -2 photodetectors, C1-2 ethanol cells, VDL variable 
delay line, S azulene sample cell, PM photomultiplier. 
picted in fig. 4. The second harmonic pulse is gener-
ated in the KDP crystal and split into two parts by a 
beam splitter (BS). The red pulse generated in two 
separated ethanol cells is suitably filtered and enters 
the cuvette (S) containing 0.001 molar azulene in 
cyclohexane. The green pulse that is transmitted 
through the beam splitter enters the cuvette along a 
different path that contains a variable delay. The 
fluorescence is detected with a lens and filter system 
and a high gain photomultiplier that view the sample 
90° to the excitation direction. 
The intensity of the second harmonic pulse was 
measured with a two-photon absorber [12] (IM) 
while the energy of the red pulse selected by a beam 
splitter (BS) was determined in a photodiode (PDj). 
The intensity and energy of the light pulses was needed 
for normalizing the measured fluorescence signals. With 
another filter F and the photodiode PD 2 it was veri-
fied that no higher order Stokes light was generated. 
The two-step absorption routes (a) and (d) of fig. 3 
reduce the signal to background ratio. It may be shown 
that the peak signal to background ratio occurs when 
each of the two pure frequency absorptions contribute 
equally to the background fluorescence. This criteria 
was satisfied in our experiment. The peak signal to 
background ratio depends upon the various ground 
state and excited state absorption cross sections. The 
minimum peak signal to background ratio of 2 occurs 
in the case when all four excited state absorption cross 
sections are equal and the excitation frequencies are 
non-degenerate. The peak signal to background ratio 
would be large if one excited state absorption cross sec-
tion were dominant. Our data suggest that, for the two 
excitation frequencies employed here (*>g = 18910cm""1, 
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Fig. 5. Normalized fluorescence as a function of delay of the 
green pulse with respect to the red pulse. Negative delay 
corresponds to Tg decay while positive delay corresponds to 
r r decay. 
vT = 16000 cm"1), no single excited state absorption 
cross section dominates. 
The measured fluorescence profile (fig. 5) as a 
function of the temporal separation between the green 
and red picosecond pulses is normalized with respect to 
the sum of the fluorescence due to the two pure fre-
quency two-step absorption processes discussed above. 
The normalizing term is determined from the measured 
pulse intensities and the measured fluorescence effi-
ciency curves. 
The data peak at 1.8 times the background signal 
level near zero relative delay and decay to the back-
ground level in less than 2.5 ps for both positive and 
negative delay. The position of zero relative delay was 
determined by an independent measurement and is 
accurate to within 2 ps. Shot-to-shot fluctuations in 
the intensity of the green pulse with respect to the red 
pulse account for the slight deviation of the measured 
peak signal to background ratio from the optimum. 
Each data point contains at least 20 individual laser 
shots. The principal sources of scatter in the data are 
due to photomultiplier gain fluctuations and pulse 
width fluctuations from shot to shot. 
The measured fluorescence profile width (fwhm) 
of 3.5 ps is consistent with the average pulse width of 
the second harmonic derived from the uncompressed 
infrared laser pulse. The left part follows the decay 
time Tg, while the right part follows the decay time r r . 
Within the accuracy of the measurement, both lifetimes 
seem to be equal, although a slight asymmetry in the 
fluorescence profile admits the possibility that Tg and 
T r may differ. The agreement of the measured curve 
with the expected pulse duration indicates that both 
relaxation times are very short. An upper limit of 
r < 2 ps can be easily concluded from the data. 
C Attempts to measure vibrational decay in theSj-
state 
At this point we would like to discuss an alterna-
tive choice of excitation frequencies that would meas-
ure vibrational relaxation within Sj. A compelling 
case can be made for the choice of a pump pulse at 
18910 cm""1 and a probe pulse at 9450 cm""1. We 
note that the infrared radiation is not absorbed by 
Sj, and S 2 is not reached by a direct two-photon 
absorption. By choosing appropriate intensity values 
for the green and infrared light pulses one would ex-
pect that the rate of the green-infrared two-step ab-
sorption dominates the rate of the green-green two-
step absorption. This is the technique reported by 
Rentzepis [5] in an early effort to measure the azujene 
relaxation time. In our experiments, the intensity 
parameters of the exciting and probing pulses could 
not be varied in such a way as to result in a tolerable 
signal-to-background ratio. We measured the fluores-
cence from azulene excited with coincident green and 
infrared pulses (orthogonal linear polarizations). Meas-
urements were made over a wide range of green in-
tensities (/g = 2 X 106 - 2 X 108 W/cm2) and high 
infrared intensities up to 7 I R = 5 X 108 W/cm2. We 
found that the pure green-green two-step fluores-
cence always dominates the much weaker green-in-
frared two-step fluorescence. We estimate the Sj —S2 
excited state absorption cross section for the infrared 
to be smaller than the Sj ~S„ excited state absorp-
tion cross section for the green by a factor of / g / / iR 
* 2 X 106/5 X 108 « 4 X 10~3. The highest infrared 
intensities were limited to 7 I R ^ 109 W/cm2 by third 
harmonic generation in the pure solvent that is ab-
sorbed by the azulene and appears as S2-S0 fluores-
cence. The lowest green intensities employed corre-
sponded to photoelectron counting limit of detection 
of our lens photomultiplier system. 
4. Discussion 
We now turn to a discussion of the physical decay 
mechanisms that contribute to the measured relaxa-
tion rates. There are three possibilities that can explain 
the decay of excited state absorption: (i) relaxation 
out of the Sj-state by internal conversion to the 
ground state S 0 (ii) transfer from the Sj -state to trip-
let states by intersystem crossing (iii) vibrational decay 
within the S|-state to a temporal equilibrium position 
from where excited state absorption is small. Our meas-
urements cannot distinguish between these three pro-
cesses. The process of internal conversion and inter-
system crossing should occur while the molecules are 
vibrationally decaying down within the Sj -State. The 
relaxation of the molecules out of the Sj-state by in-
ternal conversion and/or intersystem crossing is in 
agreement with the calculated S| -fluorescence life-
time from quantum efficiency measurements [1]. A 
change of excited state absorption of the probe pulse 
cannot be excluded when the molecules relax down 
within the Sj-band [13]. The calculated Sj-fluorescence 
lifetimes excludes a significant accumulation of popula-
tion in the equilibrium position of the Sj-band. 
5. Conclusions 
The results obtained here clearly indicate a very 
rapid relaxation time for two widely spaced vibronic 
levels in the first excited electronic singlet state of 
azulene. The lifetime r g ^ 1 ps of the vibronic levels 
excited by a single 18 100 c m - 1 picosecond pulse is 
considerably shorter than previously thought to be the 
case. The lifetime of vibronic levels excited by a 16000 
cm""1 single picosecond pulse was determined to be 
r r ^ 2 ps. These results allow us to set new limits for 
relaxation from the first excited electronic singlet of 
a complicated dye molecule. 
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